Introduction
============

Oleanolic acid is a naturally occuring triterpenoid, widely distributed in the free or glucoside state in nearly 200 types of plant, including *Mile swertia*, *Ligustrum lucidum*, and *Vitis vinifera*. Oleanolic acid has many important biological actions, including anti-inflammatory, antioxidant, and antidiabetic properties.[@b1-ijn-7-3517]--[@b3-ijn-7-3517] Recently, this compound has been noted for its antitumor effect.[@b4-ijn-7-3517] However, being a poorly water-soluble drug (20°C, 4.61 mg/L), the solubility and dissolution rate of oleanolic acid in the gastrointestinal tract is poor, which limits its absorption and bioavailability.[@b5-ijn-7-3517]

To avoid these adverse effects and the inconvenience of native oleanolic acid, alternative formulations have been exploited for oral delivery of oleanolic acid. Polymeric microparticles and nanoparticles,[@b6-ijn-7-3517] lipid nanoparticles, and liposomes have been investigated,[@b7-ijn-7-3517],[@b8-ijn-7-3517] and all of these formulations have improved the solubility of oleanolic acid. According to the Ostward-Freundlich and Noyes-Whitney equations, the saturation, solubility, and dissolution rate of a drug can be increased by reducing the particle size to increase the interfacial surface area.[@b9-ijn-7-3517] Many approaches have been attempted to produce submicron drug powders. The common way of reducing particle size is to disrupt previously formed larger particles using milling methods. In addition, some new techniques, including high-pressure homogenization, have also been developed. However, these techniques show some disadvantages in practice, such as electrostatic effects and broad particle size distribution. In the past decade, nanoparticulate systems have shown the potential to modify drugs by decreasing their toxicity, sustaining their release, and increasing their efficacy, stability, and solubility. [@b10-ijn-7-3517] Several nutraceuticals, including curcumin, coenzyme Q, and thymoquinone, have been packaged into nanoparticles and shown to be useful in "nanochemoprevention" and "nanochemotherapy".[@b11-ijn-7-3517] Among the most promising drug delivery systems, liposomes are an attractive option for advantageous drug transport.[@b8-ijn-7-3517] They are self-assembled nanoparticles and have been used to encapsulate hydrophobic and hydrophilic drugs.[@b12-ijn-7-3517] Liposomes have many advantages, including good biocompatibility, biodegradability, low toxicity, and controlled release of the entrapped drug.[@b13-ijn-7-3517] In particular, small unilamellar vesicles enter into cells easily, and are beneficial for drug uptake. Liposomes with a diameter of less than 150 nm have been reported to be suitable for efficient drug delivery.[@b14-ijn-7-3517],[@b15-ijn-7-3517] Generally, small unilamellar vesicles can be produced by sonication, extrusion through membranes, and French press extrusion.[@b16-ijn-7-3517]

Despite the advantages of liposomes, they have some important drawbacks, including batch-to-batch variation in manufacturing, low drug loading efficiency, and poor stability.[@b17-ijn-7-3517] Stability is one of the essential aspects of a liposomal drug, which has been the reason for developing formulations with specific steric stabilization. Therefore, various strategies have been developed, including modification of the surface of nanoparticles with phosphatidylinositol or polyethylene glycol (PEG).[@b18-ijn-7-3517],[@b19-ijn-7-3517] The latter, known as PEGylation, is one of the most successful approaches for prolonging nanoparticle circulation time in the blood, which leads to better targeting of the encapsulated drug, whilst exploiting the enhanced permeability and retention effect in tumors.[@b20-ijn-7-3517] Recently, PEG-lipid conjugates have been incorporated into lipid bilayers,[@b21-ijn-7-3517]--[@b23-ijn-7-3517] and it has been demonstrated that PEG-modified liposomes have significantly increased stability.[@b24-ijn-7-3517]

Lately, nanoscale formulations of oleanolic acid have been reported, and oleanolic acid has been successfully encapsulated into liposomes. Most of the work to date has focused on plain oleanolic acid liposomes, and there has been no report of preparation of PEG-modified liposomes. In our study, oleanolic acid was encapsulated in a nanoscale carrier to improve its bioavailability and take advantage of its small size and surface effects. Good solubility and diffusion permeability of oleanolic acid were obtained, along with a reduction in the effective drug dose and a dramatic increase in drug uptake. A modified ethanol injection method combined with sonication was used to prepare oleanolic acid liposomes modified by PEG-2000. Transmission electron microscopy and atomic force microscopy were used to observe the morphology of the oleanolic acid liposome formulation. The anticancer effects of native oleanolic acid and liposomal oleanolic acid on HeLa cells were demonstrated by MTT assay.

Materials and methods
=====================

Materials
---------

Oleanolic acid and soybean phosphatidylcholine were purchased from Shenyang Tianfeng Biological Pharmaceutical Co, Ltd (Shenyang, China). Cholesterol, anhydrous ethanol, surfactant Tween-80, and PEG-2000 were purchased from Tianjin Guangfu Fine Chemical Research Institute (Tianjin, China). Sephadex G-75^®^ and phosphate-buffered saline were obtained from Sigma Chemical Company (Henan, China). All reagents used were of at least analytical grade.

Preparation of PEGylated liposomal oleanolic acid
-------------------------------------------------

In this investigation, liposomes were prepared using the ethanol injection technique. Natural phospholipids showed high stability and biocompatibility, enabling production of lipid vesicles which were more resistant to oxidation.[@b25-ijn-7-3517] Moreover, the cost of liposomal formulations based on natural phospholipids is usually lower than that of preparations containing synthetic phospholipids. Cholesterol was used as one of the membrane materials in the preparation of the liposomes in order to improve lipid packaging and membrane permeability characteristics.

Liposomes were prepared according to the ethanol injection method described by Justo and Moraes.[@b26-ijn-7-3517] The method used for production of up to 10 mL of a liposome dispersion is as follows. In brief, oleanolic acid was dissolved in anhydrous ethanol to produce an ethanolic solution of oleanolic acid at a concentration of 0.5 mg/mL. For lipid injection, 9% (w/v) soybean phosphatidylcholine, 1.25% (w/v) cholesterol, and 0.1% (w/v) oleanolic acid were solubilized in 2 mL of anhydrous ethanol as the lipid phase, which was continuously stirred at 43°C. Tween-80 (0.2% \[v/v\] in the aqueous phase) and PEG-2000 were dissolved in 10 mL of phosphate-buffered saline (pH 6.5) in a water bath at 43°C as the aqueous phase. When the soybean phosphatidylcholine and cholesterol were completely dissolved in the ethanolic solution of oleanolic acid, the lipid phase was dripped into the aqueous phase under magnetic stirring, using a 4 μm diameter stainless steel needle attached to a 1 mL glass syringe. Residual ethanol in the primary emulsion was removed by a rotary evaporator at 45°C. The liposomal dispersion obtained was then subjected to probe ultrasonic testing using an LTD JY92-II device (Scientz Biotechnology Co, Zhejiang, China) in an ice-bath with a one-second pulse-on period and a one-second pulse-off period for 7 minutes. The probe ultrasonic frequency used in the experiment was around 100 W. Homogeneous and slightly opalescent suspensions were produced, and non-PEGylated liposomes were prepared using the same method. During the study, the ratios of drug to soybean phosphatidylcholine (w/w), cholesterol (w/w), and PEG-2000 (w/w), along with temperature of the phosphate-buffered saline were considered to be important factors for efficacy of the formulation. Furthermore, orthogonal experiments were designed at three levels ([Tables 1](#t1-ijn-7-3517){ref-type="table"} and [2](#t2-ijn-7-3517){ref-type="table"}). Of note is that the final concentration of ethanol in phosphate-buffered saline was kept constant at 2.5% (v/v). In addition, in order to improve the solubility of the preparations, the lipids suspended in ethanol were heated to 43, 48, and 53°C before injection. All the liposome suspensions were kept at 4°C until further testing.

Determination of entrapment efficiency and drug content
-------------------------------------------------------

### Gel chromatography separation

A gel chromatographic column (1.0 cm × 25 cm) filled with Sephadex G-75 was used to separate the liposomal nanoparticle systems. A 1 mL sample of liposomal oleanolic acid suspension was added to the column, followed by elution using double-distilled water. Free drug remained in the gel. Liposomes travelling in the gel were collected from the first 6 mL, and the following 50 mL elution volume was the free oleanolic acid.

### HPLC analysis

The original liposomes and the eluted liposomes were ruptured using an adequate volume of methanol, and the total drug content as well as drug content in the liposomal dispersion were analyzed respectively on an Agilent 1200 series system (Agilent, Santa Clara, CA). The chromatographic apparatus consisted of an Agilent Zorba × 300 SB-C18 column (5 μm, 250 mm × 4.6 mm) used at room temperature. The mobile phase, consisting of methanol and 0.1% acetic acid (88:12) (v/v), was maintained at a flow rate of 1.0 mL/minute. The ultraviolet detector wavelength was 215 nm and the injection volume was 20 μL. The peak area of response to the concentration of oleanolic acid was linear over the range 10--120 μg/mL (r = 0.9999). Drug entrapment efficiency (EE) and drug loading (DL) were calculated using [equations (1)](#FD1){ref-type="disp-formula"} and [(2)](#FD2){ref-type="disp-formula"}
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where W~entrapped~ is the analyzed weight of the amount of drug entrapped in the liposomes, W~total~ is the analyzed weight of drug in the liposomal dispersion, and W~lipids~ is the total weight of the lipid content.

Characterization of PEGylated oleanolic acid
--------------------------------------------

### Transmission electron microscopy

Morphological observation of PEGylated liposomal oleanolic acid was done using an transmission electron microscope (JEM-100CX/II, JEOL Ltd, Tokyo, Japan). Samples were diluted with double-distilled water and placed on a copper grid coated with carbon film and air-dried. They were then stained with 2% (w/v) tungstophosphoric acid. Finally, the samples were air-dried prior to placing them in the transmission electron microscope at room temperature.

### Atomic force microscopy

Atomic force microscopy was also exploited to investigate the surface morphology of the liposomes in greater detail. Imaging and force measurement were conducted using a Nanoscope IIIa atomic force microscope from Digital Instruments (Bruker AXS Inc, Madison, WI) equipped with an E scanner, having a maximum scan area of 10 μm^2^, with scanning performed at room temperature. The scanner was calibrated following the standard procedures recommended by Digital Instruments. A Scan Asyst mode was used to obtain images of the liposomes. Just before analysis, the samples were appropriately diluted in double-distilled water, and 20 μL of the dispersion was deposited on mica. The mica was then air-dried on a clean bench. Freshly cleaved mica was mounted onto a stainless steel disc using a sticky tab (Latham, NY) and measurements were performed.

### Fourier transform infrared spectrum analysis

The oleanolic acid liposomes were first freeze-dried to powder, and mannitol and sucrose at a mass ratio of 1:1 were used as lyoprotectants. For preparation, a small quantity of the sample was mixed with dry potassium bromide (KBr), and the mixture was then ground into fine powder using an agate mortar before pressing into a thin KBr pellet under a hydraulic press at 10,000 psi. Infrared spectra of liposomal oleanolic acid and PEG-2000 samples were obtained in transmission mode using a Fourier transform infrared (FTIR) Per kin-Elmer spectrometer model Spectrum GX from discs containing samples of the liposomes and KBr in the range of 4000 cm^−1^ to 400 cm^−1^. Characteristic peaks were recorded for the different samples.

Stability of PEGylated liposomal oleanolic acid
-----------------------------------------------

Liposomes have many advantages, but also have their limitations. In particular, they tend to adhere to each other and fuse to form larger particles in suspension. In our study, two methods were used to determine and evaluate their stability. First, according to their drug content, PEGylated liposomal oleanolic acid samples were placed in an electric blast-drying oven at 30, 40, and 50°C. Thereafter, they were kept for 5, 10, and 30 days, with their drug contents determined at these respective time points. Entrapment efficiency was evaluated for the PEGylated oleanolic acid liposomes at 20°C and 4°C on days 1 and 7, at which times leakage rates for the liposomes were also obtained.

In vitro drug release study
---------------------------

The rate of release of oleanolic acid liposomes in vitro was determined using a dynamic dialysis method in phosphate-buffered saline (pH 7.4). Briefly, the dialysis bags were pretreated in the usual way, and 1 mL of the oleanolic acid liposome solution was then placed into the dialysis bag (molecular weight cutoff 12--14 kDa). The liposome solution was then dialyzed against 150 mL of phosphate-buffered saline solution at 37°C ± 0.2°C using a rotational speed of 100 rpm. At scheduled time intervals, one of the dialysis bags was removed. Meanwhile, the same amount of release medium was added. Finally, the residual oleanolic acid content of the liposomes in the dialysis bags was determined by high-pressure liquid chromatography, as described earlier. Native oleanolic acid and non-PEGylated oleanolic acid liposomes were evaluated as controls. All experiments were performed in triplicate.

In vitro MTT cytotoxicity assay
-------------------------------

The cytotoxic activity of the liposomes was evaluated using the MTT method with HeLa cells.[@b27-ijn-7-3517],[@b28-ijn-7-3517] Briefly, HeLa cells were seeded at a density of 5 × 10^4^/mL in a 96-well flat-bottomed plate and incubated for 24 hours at 37°C in a 5% CO~2~ atmosphere. Oleanolic acid liposomes were dissolved and diluted in phosphate-buffered saline (pH 7.4), then filtered using a 0.22 μm sterile filter and injector. Various drug concentrations of 500, 250, 125, 62.5, and 31.25 μg/mL were obtained. Non-PEGylated oleanolic acid liposomes dissolved in phosphate-buffered saline at the same dilution were used as a control. Meanwhile, oleanolic acid was dissolved in dimethyl sulfoxide and diluted similarly with phosphate-buffered saline. It is noteworthy that the final concentration of dimethyl sulfoxide in the culture medium was controlled at less than 0.5% (v/v). The cells were cultured for 24 hours under the conditions mentioned above. The drugs were added into the appropriate wells, and cell viability was then analyzed using the MTT agent. Briefly, 10 μL of MTT solution was added to each well, and the cells were incubated for a further 4 hours. Then, 100 μL of formazan lysis buffer was added to dissolve any formazan crystals formed. Absorbance was then measured at 595 nm on a microplate reader. All experiments were performed in triplicate. Absorbance of untreated cells was considered to be 100% cell viability, and treated cell viability was calculated.

Results
=======

Encapsulation efficiency of PEGylated oleanolic acid liposomes
--------------------------------------------------------------

PEGylated oleanolic acid liposomes prepared using the ethanol injection method were found to be a mildly translucent liposomal suspension. For all experiments using the orthogonal design, entrapment efficiency was 30%--98%. Consequently, we chose the optimized formulation to prepare blank and oleanolic acid-loaded liposomes. There were many factors to take into account in the preparation process, including prescription and technology factors. In this study, the ratios of drug to soybean phosphatidylcholine (w/w), cholesterol (w/w), and PEG-2000 (w/w), along with the temperature of the phosphate-buffered saline were identified to be the most influential factors (labeled as A, B, C, and D in [Table 1](#t1-ijn-7-3517){ref-type="table"}). Whilst considering the encapsulation efficiency as an important index, the four factors were investigated at three different levels. The L~9~ (3[@b4-ijn-7-3517]) orthogonal design is shown in [Tables 1](#t1-ijn-7-3517){ref-type="table"} and [2](#t2-ijn-7-3517){ref-type="table"}. The results of this experiment show that the ranking of the four factors in this experiment was B \> C \> A \> D, the most effective factor being the ratio of drug to cholesterol, with the reactive temperature also having a slight influence. With regard to the individual factors, the appropriate ratio of drug to soybean phosphatidylcholine (w/w) was 1:15, the optimum ratio of drug to cholesterol (w/w) was 1:2, and the appropriate ratio of drug to PEG (w/w) was 1:1. Likewise, the optimal reactive temperature was 43°C. According to the analytical results, the optimal formulation should be A~1~B~2~C~1~D~1~.

Drug content
------------

As shown in [Table 3](#t3-ijn-7-3517){ref-type="table"}, the oleanolic acid content in the liposomal formulations was relatively high. A content of more than 98% was clearly observed at the three levels. In particular, the oleanolic acid content at level 3 was 102.37, which could be explained by the fact that, during the preparation procedure, part of the aqueous medium used to hydrate the oil phase was evaporated, resulting in an increased oleanolic acid concentration in the samples. The results indicate that drug loss in the preparation was not significant.

Characterization of PEGylated oleanolic acid liposomes
------------------------------------------------------

Morphological examination and particle size measurement of the PEGylated oleanolic acid liposomes were performed using a transmission electron microscope. [Figure 1](#f1-ijn-7-3517){ref-type="fig"} shows the structures of PEGylated oleanolic acid liposomes with and without surfactant Tween-80. Mean particle size was approximately 100 nm on representative transmission electron microscopic images. Spherical particles with an obvious double-layer structure were observed. [Figure 1B](#f1-ijn-7-3517){ref-type="fig"} shows that the liposomes with Tween-80 had a characteristic liposomal dispersion, with few particles adhered to each other.

Atomic force micrographs ([Figure 2](#f2-ijn-7-3517){ref-type="fig"}) demonstrated that the size of the PEGylated liposomal oleanolic acid formulations was below 200 nm. Mean particle diameters without Tween-80 surfactant obtained by atomic force microscopy were around 168 nm ([Figure 2A and B](#f2-ijn-7-3517){ref-type="fig"}). The atomic force micrographs ([Figure 2A and B](#f2-ijn-7-3517){ref-type="fig"}) also showed that only some of the particles adhered to each other when using soybean phosphatidylcholine, and some even aggregated together in bulk. Some particles seemed to be liposomes, judging from their relatively flat shapes, which may be the result of deformation during atomic force microscopy. The mean diameter of the oleanolic acid liposomes prepared from the formulation containing Tween-80 was 110 nm ([Figure 2C and 2D](#f2-ijn-7-3517){ref-type="fig"}), and it appeared that particle aggregation occurred infrequently among PEGylated oleanolic acid liposomes containing Tween-80.

To confirm attachment of PEG to the oleanolic acid liposomes, the liposome formulations were investigated by FTIR spectrometry ([Figure 3](#f3-ijn-7-3517){ref-type="fig"}). Broad strong bands between 3340 cm^−1^ and 3424 cm^−1^ were seen in the FTIR spectrum of PEG, which corresponds to the stretching vibrations of the intramolecular hydrogen bonds (υ~O--H~) of PEG. Moreover, the typical absorption band at approximately 1120 cm^−1^ is attributable to the characteristic C--O--C stretching vibration of the repeated --OCH~2~CH~2~-- units of the PEG backbone ( [Figure 3A](#f3-ijn-7-3517){ref-type="fig"}). A similar result has been reported by Kassim et al[@b29-ijn-7-3517] and Petrova et al.[@b30-ijn-7-3517] Pure PEG also showed distinct peaks at about 1220, 1120, and 842 cm^−1^. Characteristic peaks of PEG were also evident in the PEG-coated liposomes, suggesting that PEG was successfully coated onto the liposomes.

Stability of PEGylated oleanolic acid liposomes
-----------------------------------------------

Stability of oleanolic acid liposomes is essential from the nanomedicine point of view. When liposomes are kept for a long time, some leakage of the encapsulated drug can occur. The stability of our PEGylated oleanolic acid liposomes was investigated in two ways. The results obtained using the first method are shown in [Table 4](#t4-ijn-7-3517){ref-type="table"}. Our experience was that temperature was an important factor in the rate of leakage. The encapsulation efficiency of PEGylated oleanolic acid liposomes decreased as the temperature increased, and after 10 days, the encapsulation efficiency had decreased from 98.2% to 94.8%. Furthermore, when the liposomes were kept for 5--30 days at 50°C, their drug content showed a marked decrease.

The second method was based on the encapsulation efficiency of the nanoparticles. Their physicochemical stability is shown in [Table 5](#t5-ijn-7-3517){ref-type="table"}. After 14 days, the encapsulation efficiency of non-PEGylated oleanolic acid liposomes had decreased to 70.2% at room temperature (20°C). However, the encapsulation efficiency of PEGylated oleanolic acid liposomes had decreased to 76.8%. Oxidation and hydrolysis of the lipids resulted in decomposition and aggregation of the liposomes, which also induced drug leakage. PEGylated oleanolic acid liposomes were stable at low temperature, although their encapsulation efficiency decreased slightly at 4°C, but their stability was significantly improved.

In vitro drug release study
---------------------------

The liposomal formulations as well as the native oleanolic acid showed faster release initially and slow release thereafter ([Figure 4](#f4-ijn-7-3517){ref-type="fig"}). Moreover, it was observed that both PEGylated and non-PEGylated oleanolic acid liposomes had a slower release profile than pure oleanolic acid. From 2 to 10 hours, the leakage rate of pure oleanolic acid was markedly higher than for PEGylated oleanolic acid liposomes, and the non-PEGylated formulations showed an intermediate leakage rate. After 10 hours, the leakage rate of PEGylated oleanolic acid liposomes increased significantly, whereas that of pure oleanolic acid remained fairly steady. However, leakage from PEGylated and non-PEGylated preparations was consistently lower than that from pure oleanolic acid. These results indicate that oleanolic acid is released more slowly from the PEGylated liposomal formulation than from the pure oleanolic acid formulation, which could reduce drug toxicity.

MTT assay of antitumor activity
-------------------------------

The in vitro antitumor effect of pure oleanolic acid and that of PEGylated and non-PEGylated oleanolic acid liposomes were studied by MTT assay ([Figure 5](#f5-ijn-7-3517){ref-type="fig"}), using oleanolic acid as a model antitumor drug. With regard to viability, the HeLa cell retained different sensitivity to native oleanolic acid and the different kinds of oleanolic acid liposomes. With pure oleanolic acid, the cell viability was higher than for oleanolic acid-loaded liposomes, and had somewhat low antitumor activity. However, this activity increased significantly when cells were treated with oleanolic acid liposomes and PEGylated formulations. Cell numbers were reduced in a concentration-dependent manner. Moreover, it was demonstrated that antitumor activity was enhanced when oleanolic acid was prepared as a nanoscale medicine. In particular, surface-modified liposomes showed better inhibition of HeLa cells.

Discussion
==========

Liposomes have been considered to be promising and valuable antitumor drug carriers due to their many advantages. Controlled drug delivery systems using liposomes can improve the biodistribution of existing anticancer drugs, and prolong drug accumulation in both tumor tissue and in the blood stream. The design of liposomes is important because their hydrophobic core should be capable of carrying highly insoluble anticancer drugs with high loading capacity (most chemotherapeutic drugs are hydrophobic). However, a surface-modified hydrophilic moiety provides steric protection and reduces macrophage uptake in vivo. One of the most widely used methods for enhancing the circulation properties of liposomes is incorporation of PEG within the surface membrane of liposomes.[@b19-ijn-7-3517],[@b31-ijn-7-3517],[@b32-ijn-7-3517] The possible mechanism is that a hydrated PEG shell disturbs the interaction of liposomes with serum proteins, and significantly reduces opsonization and uptake by macrophages.[@b33-ijn-7-3517]

The water solubility and bioavailability of oleanolic acid is very low.[@b34-ijn-7-3517] Presently, various new oleanolic acid formulations are being developed to overcome the problem of low oral bioavailability.[@b35-ijn-7-3517] Oleanolic acid drop pills have been successfully obtained by Tang et al, through mixing homogeneously with PEG of different molecular weights.[@b36-ijn-7-3517] However, there have been a few reports of exploiting oleanolic acid liposomes modified by PEG. Consequently, our hypothesis was that a hydrophilic polymeric coating (ie, PEG) could improve the longevity of oleanolic acid in the circulation and have slow-release properties due to stability of the drug-loaded liposomes.

In our study, drug content was determined after the liposomes were fabricated. The results provide some groundwork in the examination of entrapment efficiency. Morphological analysis of the formulated liposomes by transmission electron microscopy provided further evidence of successful incorporation of PEG into nanoparticles. Atomic force microscopy showed that the particle size was larger than that determined by transmission electron microscopy. There were two possible explanations for this difference. One reason is that the structure of the liposomes could be changed when atomic force microscopy was performed. In the process of observing the atomic force microscopic images of the formulations, the force of the probe was not always uniform; in addition, the dried liposome film was very soft. Tapping of the probe resulted in deformation of some liposomes and a larger particle size. Second, the mica plate used to support the samples was not completely flat, which might have induced a morphological change in the liposomes. The incorporation of PEG improves biocompatibility, and decreases the positive surface charge significantly, as reported by Quellec et al.[@b37-ijn-7-3517] It has been considered generally that PEGylation forms a fixed aqueous layer on the surface of nanoparticles via interaction between PEG and water molecules, leading to reduced amounts of associated serum opsonins on the surface, thereby prolonging the circulation time of the nanoparticles.[@b38-ijn-7-3517]--[@b41-ijn-7-3517] Because the Tween-80 used as a surfactant has a polyoxyethylene chain in its structure, molecules of Tween-80 located at the interface between the water and oil phase of the emulsion may have a similar function to that of PEG molecules. However, the detailed mechanisms behind these observations for a PEG emulsion, including the conformational and functional properties of Tween-80 on the surface of the emulsion, remain to be elucidated and will be the subject of our future studies.

Aggregation of liposomes may lead to leakage of inclusions.[@b42-ijn-7-3517],[@b43-ijn-7-3517] Therefore, stability is an essential problem for lipid vesicles.[@b44-ijn-7-3517] After preliminary studies to find the best formulation for PEG liposomes, an in vitro release study was carried out to evaluate the rate of leakage from the preparations. The results indicate that PEG-modified liposomes had slow release and were stable compared with pure oleanolic acid. The configuration of PEG molecules on the surface of the liposome was important for steric repulsion in vitro because it determined the shielding efficiency. Moreover, PEGylated formulations showed advantages on cytotoxicity assay. The viability of cells treated with oleanolic acid liposomes performed better than oleanolic acid alone, but the pattern approximately resembled that of pure oleanolic acid.

Some earlier studies have been done on oleanolic acid liposomes and PEG-coated liposomes.[@b45-ijn-7-3517],[@b46-ijn-7-3517] However, there has not been any detailed investigation of PEGylated oleanolic acid liposomes, which have an important role in evading uptake by macrophages.[@b47-ijn-7-3517],[@b48-ijn-7-3517] It was found that high molecular weight PEG (2000 Da and higher) covalently attached to the lipid head group undergoes steric exclusion from the surface of the liposome. By dehydrating the lipid bilayer, high molecular weight PEG plays a significant role in the thermodynamic stability of liposomes.[@b49-ijn-7-3517]--[@b51-ijn-7-3517] Also, hydrophilic PEG chains on the surface of the bilayers can adsorb more water molecules than those entrapped in the core.[@b52-ijn-7-3517],[@b53-ijn-7-3517] Thereby, the addition of PEG could enhance the encapsulating percentage and loading efficiency. PEG-2000 has been selected by many research groups as a surface-modifying polymer to develop novel liposome formulations.[@b54-ijn-7-3517],[@b55-ijn-7-3517] Liposomes modified using PEG-2000 showed feasibility and stable potential for loading drugs. Furthermore, it was demonstrated that introduction of PEG-2000 introduced concentricity of size distribution. In addition to protecting the vesicles against peritoneal macrophages, the presence of PEG-2000 reduces repulsion between the negative surfaces of the vesicles and the peritoneal mesothelium.[@b56-ijn-7-3517]

In our study, PEG-2000 was used to modify conventional liposomes. Formulations with steric stability were successfully obtained. We have confirmed the appropriate concentration of PEG to maximize its antitumor potential as well as optimizing the configuration of formulations. Therefore, we propose to have a mass ratio of oleanolic acid to PEG of 1:1 in our fabricated liposomes, which may be used as a very effective drug delivery system for antitumor drugs. The increased cytotoxicity of PEG-modified oleanolic acid liposomes may open a new pathway for the targeting of anticancer drugs, but there is still a pressing need for further in vivo studies to realize their full potential.
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![Transmission electronic microscopic images of PEGylated OA liposomes. (**A**) Formulation without Tween-80. (**B**) Tween-80 0.2% (v/v) added to preparation.\
**Abbreviations:** OA, oleanolic acid; PEG, polyethylene glycol.](ijn-7-3517f1){#f1-ijn-7-3517}

![Scan Asyst mode atomic force microscopic images of PEGylated OA liposomes. (**A** and **B**) Without Tween-80 and (**C** and **D**) with 0.2% (v/v) Tween-80 as a surfactant.\
**Abbreviations:** OA, oleanolic acid; PEG, polyethylene glycol.](ijn-7-3517f2){#f2-ijn-7-3517}

![Fourier transform infrared spectra of (**A**) pure PEG-2000 and (**B**) PEGylated OA liposomes.\
**Note:** 2% (w/w) of sample was mixed with dry potassium bromide, compressed into KBr disc and then scanned in the range of 4000 cm^−1^ to 400 cm^−1^.\
**Abbreviations:** OA, oleanolic acid; PEG, polyethylene glycol.](ijn-7-3517f3){#f3-ijn-7-3517}

![In vitro release of OA, OA liposomes, and PEGylated OA liposomes in phosphate-buffered saline (0.1 M, pH 7.4) at 37°C.\
**Note:** Each value represents the mean ± standard error from three independent experiments.\
**Abbreviations:** OA, oleanolic acid; PEG, polyethylene glycol.](ijn-7-3517f4){#f4-ijn-7-3517}

![Effect of drug concentration on the inhibition rate of OA, OA liposomes and PEGylated OA liposomes.\
**Note:** Each value represents the mean ± S.E.M from 3 independent experiments.](ijn-7-3517f5){#f5-ijn-7-3517}

###### 

Levels of experimental factors

  Ratio of OA to SPC (w/w)   Ratio of OA to Chol (w/w)   Ratio of OA to PEG-2000 (w/w)   Temperature of phosphate-buffered saline (°C)
  -------------------------- --------------------------- ------------------------------- -----------------------------------------------
  1:15                       1:1                         1:1                             43
  1:18                       1:2                         2:3                             48
  1:20                       1:3                         1:2                             53

**Abbreviations:** OA, oleanolic acid; Chol, cholesterol; SPC, soybean phosphatidylcholine; PEG, polyethylene glycol.

###### 

Orthogonal experiment design and drug entrapment efficiency (%)

       A       B       C       D       EE (%)
  ---- ------- ------- ------- ------- --------
  1    1       1       1       1       80.1
  2    1       2       2       2       94.6
  3    1       3       3       3       74.5
  4    2       1       2       3       65.7
  5    2       2       3       1       92.8
  6    2       3       1       2       81.6
  7    3       1       3       2       63.9
  8    3       2       1       3       98.2
  9    3       3       2       1       75.7
  K1   249.2   209.7   259.9   248.6   
  K2   240.1   285.6   236     240.1   
  K3   237.8   231.8   231.2   238.4   
  K1   83.1    69.9    86.6    82.9    
  K2   80.0    95.2    78.7    80.0    
  K3   79.3    77.3    77.1    79.5    
  R    3.8     25.3    9.5     3.4     

**Notes:** A, ratio of OA to SPC (w/w); B, ratio of OA to Chol (w/w); C, ratio of OA to PEG-2000 (w/w); D, temperature of phosphate-buffered saline.

**Abbreviations:** OA, oleanolic acid; Chol, cholesterol; SPC, soybean phosphatidylcholine; PEG, polyethylene glycol; EE, entrapment efficiency.

###### 

Drug content of three batches

  OA/SPC   OA/Chol   OA/PEG-2K   Temperature (°C)   DC (%)
  -------- --------- ----------- ------------------ --------------
  1:15     1:1       1:1         43                 98.75 ± 0.11
  1:18     1:2       1:1.5       48                 99.72 ± 0.24
  1:20     1:3       1:2         53                 101.7 ± 0.87

**Abbreviations:** OA, oleanolic acid; Chol, cholesterol; SPC, soybean phosphatidylcholine; PEG, polyethylene glycol; DC, drug content.

###### 

Drug contents of PEGylated OA liposomes in different temperatures after several days

  Temperature (°C)   0     5            10           30
  ------------------ ----- ------------ ------------ ------------
  30                 100   99.0 ± 0.1   98.2 ± 0.5   97.1 ± 0.3
  40                 100   98.1 ± 0.2   97.2 ± 0.3   94.3 ± 0.2
  50                 100   95.4 ± 0.1   94.8 ± 0.2   90.8 ± 0.4

**Abbreviations:** OA, oleanolic acid; PEG, polyethylene glycol.

###### 

Entrapment efficiency of PEGylated and non-PEGylated OA liposomes in different conditions

  Time (d)                     1            7            14
  ---------------------------- ------------ ------------ ------------
  PEGylated OA liposomes                                 
   20°C                        96.5 ± 1.1   86.7 ± 2.4   76.8 ± 2.6
   4°C                         97.8 ± 1.3   91.2 ± 2.2   85.6 ± 1.6
  Non-PEGylated OA liposomes                             
   20°C                        94.3 ± 1.5   84.1 ± 1.3   70.2 ± 2.3
   4°C                         95.6 ± 1.4   87.6 ± 1.5   78.6 ± 2.1

**Abbreviations:** OA, oleanolic acid; PEG, polyethylene glycol.
